Future space missions are expected to use space robots that will support or replace astronauts to prevent them from having to carry out dangerous operations. One of the most important issues for such astronaut support robots is locomotion technology. Locomotion mechanisms require a long reach, lightweight materials, and robustness. JAXA has developed a novel locomotion system that has a long reach and is lightweight and robust. The system uses an extendable robot arm and several tethers. By controlling the length of the tethers, the robot can move within a triangular plane as defined by the anchor points of the tethers. The anchor point can be replaced by an extendable robot arm using a STEM (storable tubular extendible member) mechanism. The SRA (STEM robot arm) is lightweight and has a compact housing and long reach. However, it is also flexible, and this causes control difficulty. The REX-J [robot experiment on JEM (Japan experiment module)] demonstration mission was conducted at the International Space Station between August 2012 and May 2013. In the experiment, the vibrations of the SRA and tether system under various triggers were measured by a vision system. In this paper, the flexibility and vibration characteristics of the SRA of the REX-J robot in the space environment are analyzed based on the flight data, and their effects on the control of the robot and the utility of the system are evaluated.
Introduction
The importance of space infrastructures has increased with each passing year. The construction and maintenance of such infrastructures are currently performed by the EVA (extra-vehicular activity) of astronauts. However, these operations are dangerous and expensive. There has thus been great interest in supporting/replacing astronauts with space robots. One of the most important issues for the development of such astronaut support robots is locomotion technology. A long reach, lightweight materials, and robustness are required for the locomotion mechanism of the robots. JAXA has developed a novel locomotion system for an astronaut support robot using an extendable robot arm and several tethers 1) . The robot is supported by three or four tethers attached to the handrails for EVA on space structures. By controlling the length of the tethers, the robot can move within a triangular plane or a tetrahedron space as defined by the anchor points of the tethers. The anchor point can be replaced by an extendable robot arm. This means that the robot can redefine its movement area/space itself and can reach any point at which the handrails are installed (Fig. 1) .
The extendable arm was developed based on a STEM (storable tubular extendible member), which is used in the mechanism for extending the antenna of some satellites. The SRA (STEM robot arm) and the tether system are lightweight and have a compact housing and long reach. However, they are also flexible, and this causes control difficulty. The modeling of the dynamics of the SRA is difficult because it has a complicated structure and inner friction. The dynamics and their effects should be clarified by real experiments. However, the high flexibility of the SRA makes the evaluation of its dynamics in a 1G gravity environment very difficult. The STEM structure cannot even maintain its posture under gravity. Gravity strains the entire body of the SRA and alters its dynamics. Available gravity compensation methods include the adoption of a parabolic flight of the aircraft and the use of air bearing. However, the former is incapable of maintaining the microgravity environment for a sufficient amount of time. The latter can support only a few points on the body of the SRA and does not completely eliminate the effect of the strain due to gravity. The weight of the air-bearing mechanism affects the dynamics of the SRA. Furthermore, this method cannot be used to evaluate three-dimensional motion because it is applicable to only a planar microgravity environment. For these reasons, the real motion of the SRA in space can only be obtained by an experiment in a space environment.
Hirano modeled the dynamics of the SRA using an air-bearing experiment 2) . However, for the aforementioned reason, the results of the model could not be sufficiently verified. The vibration of a STEM structure in a space environment was predicted when the attitude control system of the Hubble Space Telescope had unexpectedly large disturbances 3)4) . However, direct observation of the STEM vibration was not conducted. No space mission observed the STEM vibration.
To evaluate the utility and dynamics of a tetherbased locomotion robot, the engineering test robot mission REX-J [Robot Experiment on JEM (Japan experiment module)] was conducted at the ISS (International Space Station) between August 2012 and May 2013. In this experiment, the vibrations of the SRA and tether system under various triggers were measured by a vision system and accelerometers. This was the first attempt in the world to perform such an experiment. In this paper, the flexibility and vibration characteristics of the SRA of the REX-J robot in the space environment are analyzed based on the flight data. Their effects on the control of the robot and the utility of the system are evaluated.
REX-J Mission

Experimental setup
The REX-J was a demonstration experiment on tether-based locomotion in a space environment. The experimental setup included the base plate, tether locomotive robot, tether reels, camera, and handrails. The robot included a tether reel unit and an extendable arm. The end tip of the tether mounted on the robot had a hook mechanism for attachment to a handrail. Fig. 2 shows an overview of the REX-J system. The following processes were performed during the mission:
• Evaluation of the utility and characteristics of the extendable arm.
• Attachment of the end of the tether to a handrail by the extendable arm.
• Robot locomotion using the tethers.
STEM robot arm (SRA)
The extendable robot arm is one of the key technologies of the proposed tether-based locomotion robot. During the REX-J mission, the SRA was used as the extendable arm. The STEM consisted of a single or multiple reeled strips. The strip curled into a partial tube, the stiffness of which increased when reeled out 5) . The Bi-STEM is a dual-strip- The end tip of the tether attached to the main body of the robot had a hook mechanism for attachment to a handrail. The hook opened when it was grasped by the hand. The grasp and carriage of the hook and its attachment to a handrail were successfully demonstrated during the REX-J mission. Fig.  6 shows pictures of the mission during the installation of the tether taken by the overview camera in Fig. 2 .
The distance between the robot and the handrail was approximately 400 mm. However, in a real EVA support mission, the distance would be longer than 1000 mm. In such a case, the flexibility of the SRA would be a concern. Although the STEM mechanism develops its stiffness by the curling of the boom strip, the stiffness is lower than that of conventional metal booms. The strip is particularly highly flexible at the point that it is reeled out. In the SRA, the root of the arm boom corresponds to the point 2) . The flexibility increases significantly with a long extension, and this deteriorates the controllability of the position of the arm. 
Evaluation of SRA Vibration
The authors performed experiments to evaluate the vibration of the SRA during the REX-J mission. From this section onward, the experiments and their results are presented. To evaluate flexibility and vibration, the following two experiments were performed:
• Measurement of the SRA vibration during wrist motion.
• Measurement of the SRA vibration during extension.
Measurement system
In the experiments, the SRA vibrations were measured by an optical method. A perspective view of the REX-J robot is shown in Fig. 7 . The robot used a NTSC video camera (size: 320 × 240 pixels, horizontal angle of view: 78.4
• , elevation angle of view: 63.6
• ) on the upper stage of its main body. The camera was used to measure two target markers printed on the motor driver box. The diameter of the markers was 20 mm. The distance between the centers of the markers was 70 mm. A captured image of the mission is shown in Fig. 8 . The video images obtained by the camera were downlinked in real time and recorded at the ground station. The vibration motions of the SRA were obtained by processing each recorded video frame using the following algorithms: In the last step, the centroid position of the cross section of the SRA at the connection point to the motor driver box was calculated from the obtained positions of the markers. 
SRA Vibration during Wrist Motion
When the structure of a robot is flexible, its vibration is caused by an external force and the reaction force of the self-motion of the robot. The external force is not significant in the space environment (on the ISS). The space robot must therefore be stiff to withstand the reaction of the self-motion.
In this experiment, the vibrations of the SRA during wrist motions were measured for different lengths. The wrist motions were defined as azimuth motion and elevation motion, respectively. Images of the wrist motions are shown in Fig. 9 . The experimental conditions were as follows: For each SRA length, the wrist was rotated in the azimuth and elevation directions. The wrist rotation was controlled as a point-to-point motion with a given angle and angular velocity. The angular velocity was set to 30
• /s, which was the maximum value for the REX-J robot.
The measurement resolution varied with the length of the SRA owing to the variation of the size of the marker and the base line of the camera image. In this experiment, the resolutions for the SRA lengths of 300, 450, 600, and 950 mm were 1.6, 2.2, 3.0, and 4.5 mm/pixel, respectively.
Results: Azimuth motion
In this experiment, any major vibration caused by the reaction of the wrist motion was not measured for each SRA length. An example of the results is shown in Fig. 10 . In the figure, X and Y represent the directions shown in Fig. 8 . The coordinate origin is on the optical axis and is almost at the center of the image. These correspond to the azimuth and elevation, respectively. These results show that the stiffness of the SRA in the azimuth direction was sufficient to withstand the reaction forces of the wrist motions, at least for SRA lengths shorter than 950 mm.
Results: Elevation motion
The results for the elevation motion are shown in Figs. 11-14 . The initial values of each result depended on the state (the offset, as will be described later) of the previous experiment or motion because the robot did not have a compensation function. In this case, the reaction motions of the SRA were larger than those for the azimuth wrist motion. In the STEM mechanism, the boom strips near the reel were not exactly tube-shaped but were still partly sheet-shaped (see Fig. 3) 2) . This means that the boom stiffness at this point was lower, especially in the out-of-plane direction of the strip. This direction was the same as the elevation direction in this experiment. However, for an SRA length shorter than 600 mm, the vibration amplitude was smaller than the theoretically determined resolution. For the length of 950 mm, the measured vibration had an amplitude of approximately 10 mm and a frequency of 0.4 Hz. In all cases, the damping was very high, and most of the vibrations attenuated within one cycle. The authors suppose that the high damping characteristic was due to the inner friction in the SRA mechanism. The bi-STEM mechanism of the SRA consists of two STEM strips. These strips rub against each other during any mo- tion of the STEM. Moreover, the friction tends to increase in the vacuum environment in space.
These results show that the SRA has sufficient stiffness and damping characteristics for the wrist motion, even in the most flexible direction. However, the high inner friction causes offsets in the azimuth and elevation positions of the SRA after completion of a wrist motion. The offsets are sufficiently small for the operations of the SRA. The tether hook allows an offset of more than 10 mm, and the hook position can be adjusted by rotating the joints of the wrist and the main body. However, some kind of compensation method is expected. 
SRA Vibration during Extension
Another trigger of SRA vibration is the extension motion of the SRA itself. In this experiment, the vibration of the SRA during its extension was measured. The measurement and evaluation methods were the same as those in the previous section. The experimental conditions were as follows: Figs. 18 and 19 do not coincide. In this case, the amplitudes of the highand low-frequency vibrations increased to 3-5 mm and 10 mm, respectively. In both cases, the vibrations attenuated immediately after completion of the extension. The high-frequency vibrations were due to the flexibility of the SRA because their frequencies were similar to those of the vibrations that occurred during wrist motion. The effect of these vibrations on the operation of the SRA can be considered to be sufficiently small. Conversely, the lowfrequency vibrations were due to the synchronization error during the reeling out of the Bi-STEM. In both cases, the position offsets remained after the extension. This could be attributed to the synchronization error of the Bi-STEM and the inner friction between the strips, as in the case of wrist motion. These offsets did not affect the process of attaching the tether for the same reason as that given in Section 4.2. In a practical operation using a longer SRA in the future, these offsets should be reduced. 
Conclusion
In this paper, the flexibility and vibration characteristics of the STEM robot arm of the REX-J robot in the space environment were analyzed based on the flight data. Their effects on the robot control and the utility of the system were evaluated. The SRA had sufficient stiffness and damping factor to withstand the reaction forces of its motion. The high inner friction of the STEM contributed to the damping characteristics. However, it also caused a residual offset in the position of the hand after attenuation of the vibration. A compensation method is expected to be used in a practical system. These results can only be obtained in a flight experiment and are very important for the development of a practical robot.
